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A B S T R A C T   
The use of CuO-based photocatalysts for CO2 photoreduction has been extensively reported in the literature. 
However, the comparison of the photocatalytic activity and selectivity from the published results becomes 
difficult due to different experimental conditions (i.e., synthesis method, configuration of photocatalyst, flow rate 
of gas, water content, light intensity) and reactor geometry employed. Hence, in this work different conforma-
tions of CuO-based photocatalyst, namely powder (i.e., synthesized using precipitation, sonochemical and 
hydrothermal-microwave treatment), coating on glass fiber mesh, and thin film, were tested using the same 
photoreactor and experimental conditions. All CuO photocatalysts exhibited 100 % product selectivity towards 
CH4 over CO and the CuO coating on the glass fiber mesh exhibited the highest production of CH4 (56.3 μmol gcat− 1 
h− 1). The morphology, particle size, particle dispersity, and presence of impurities/defects within the CuO 
photocatalysts had a significant effect on photocatalytic activity. A numerical model, which was built using 
COMSOL, revealed that the experimental data obtained in this simulated photocatalytic activity study fitted well, 
however, further optimization was needed.   
1. Introduction 
CO2 is the most abundant anthropogenic greenhouse gas responsible 
for global warming [1,2]. Various mitigation approaches have been 
proposed to decrease CO2 emissions, including CO2 conversion and 
utilization (CCU) [3–5]. Solar energy to drive the photoreduction of CO2 
into chemicals and fuels provides an interesting approach for the pro-
duction of syngas (CO and H2), CH3OH, CH4, HCOOH and HCOH 
amongst others [6–12]. 
Photocatalyst requirements, including a high affinity towards CO2, 
rapid adsorption/desorption kinetics, high thermal and mechanical 
stability and high specific surface area with active sites, have been 
proposed to enhance the photocatalytic conversion of CO2 into value- 
added products [13]. In view of this, transition metal oxides represent 
an excellent option since they can desorb the adsorbed gas at a relatively 
low temperature (<200 ◦C) compared to alkali metals and alkaline 
metal oxides [13]. In addition, they are non-toxic and abundantly 
available. Among the transition metal oxides, copper-based metal oxides 
(i.e., Cu2O, CuO, Cu metal) are the most widely reported materials for 
CO2 photoreduction [14,15]. This is because CuO possesses the highest 
electronegativity and highest number of basic sites for CO2 adsorption 
and a more favorable CO2 adsorption capability (ΔH= -45 kJ mol− 1) 
compared to other transition metal oxides [16,17]. 
Many studies have demonstrated the use of CuO as photocatalyst for 
CO2 reduction [8,18–23], as summarized in Table S1. However, the 
comparison of the results from the literature is challenging due to 
different synthesis approaches, experimental conditions, and geometry 
of photoreactor employed. Hence, in this study, the comparison of CuO 
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photocatalyst in different conformations (i.e., powder, thin film, and 
coatings on glass fiber mesh) is investigated under the same experi-
mental conditions. Moreover, three commonly used synthesis methods, 
including precipitation, sonochemical, and microwave synthesis are 
employed to fabricate powder samples. 
In addition to the development of photocatalysts for CO2 photore-
duction, significant work has been devoted to developing advanced 
photoreactors in an attempt to improve the current very low conversions 
[24,25]. To address these engineering challenges, a validated Multi-
physics model for CO2 photoreduction under UV–vis light irradiation 
was developed herein. The model developed was coupled with compu-
tation fluid dynamics, mass transport, reaction kinetic and light trans-
port in a continuous flow reactor. Three essential factors (e.g., CO2 flow 
rate, inlet H2O mole fraction and light intensity) in the CO2 photore-
duction were simulated. This numerical modelling is also expected to 
improve our understanding of the CO2 photoreduction mechanism, and 
thereby, provide a useful tool to optimize the reaction process. 
2. Experimental 
2.1. Material synthesis 
2.1.1. Powder 
2.1.1.1. Precipitation method. 5.98 g of Cu(CH3COO)2⋅H2O (Fermont, 
99 %) was dissolved in 40 ml of deionized water (DI). Then, 10 ml of 0.6 
M of NaOH (Fermont, 99 %) was added dropwise into the solution. The 
solution was then heated for 3 h at 80 ◦C under vigorous stirring. The 
dark brown precipitate was washed with sufficient DI water, to remove 
all the possible residual precursor. The collected powder was dried in the 
oven at 80 ◦C overnight and the sample obtained was denoted as CuO P. 
2.1.1.2. Sonochemical method. The CuO powder sample was synthe-
sized following a procedure reported previously [26]. Briefly, 0.38 M of 
Cu(CH3COO)2⋅H2O solution was dissolved in DI water. Then, 0.6 M of 
NaOH was added dropwise into the first solution with vigorous stirring 
at 50 ◦C. The resulted solution was exposed to sonochemical energy for 
25 min using an equipment Hielscher’s UP200Ht at 100 W, with 
capacitance and an amperage of 50 and 20%, respectively. After the 
sonication treatment, the resulted brown suspension was washed with 
DI water for three times. Finally, the dark brown powder obtained, 
which denoted as CuO US, was dried in the oven at 80 ◦C overnight. 
2.1.1.3. Microwave-hydrothermal method. An aqueous solution of 0.6 M 
of Cu(CH3COO)2⋅H2O was prepared under vigorous stirring for 30 min. 
Then, 0.6 M of NaOH was added dropwise. After that, the mixture was 
treated in a microwave reactor (Mars 6) at 80 ◦C with 300 W for 60 min. 
The resulted precipitate was washed with DI water and centrifuged a few 
times until the water was clear. Finally, the powder obtained was dried 
at 80 ◦C for 12 h and the resultant sample was denoted as CuO MW. 
2.1.2. Coating 
A glass fiber mesh with a grit slit of 2.7 nm was used as the substrate 
for CuO coating fabrication. Firstly, the glass fiber substrate was cleaned 
with acetone, methanol, and then DI water under sonication for 20 min 
and then dried at 80 ◦C overnight. Then, the cleaned glass fiber mesh 
substrates were placed in an autoclave that was filled with 0.06 M of Cu 
(CH3COO)2⋅H2O solution. After that, 0.6 M of NaOH was added drop-
wise into the solution under vigorous stirring. Next, the autoclave was 
placed in the microwave reactor at 80 ◦C with 300 W for 60 min. The 
resulting brown coating on the glass fiber mesh was washed with DI 
water and centrifuged a few times until the water was clear and then 
dried at 80 ◦C overnight and the sample denoted as CuO Coat. 
2.1.3. Thin film 
Fluorine-doped tin oxide (FTO) TEC-15 glass was purchased from 
Ossila (2.5cm × 2.5cm, roughness of 12.5 nm, FTO layer thickness of 
200 nm, 83.5 % transmission and resistivity of 12–14 Ω cm− 1). The FTO 
substrate was cleaned before use with a mixture of isopropanol, water, 
and acetone with a 1:1:1 ratio. The FTO glass was submerged into the 
solution and placed in a sonication bath for 1 h. The FTO glass was then 
removed and dried in air for 30 min at 75 ◦C on a hot plate. 
Copper (II) acetate (Aldrich, 98 %) solution was prepared using 
2.742 g in 50 ml of ethanol, forming solution A. Then, solution A was 
stirred for 30 min. After that, 12 μl of diethanolamine (C4H11NO2, 
Aldrich ≥98 %) and 25 μg of ethylene glycol (C2H6O2, Alfa Aesar ≥99 
%) were added into solution A and stirred for 30 and 60 min, respec-
tively, obtaining solution B that was used to fabricate CuO thin film 
using a spin coater (Model P6700). Solution B was added drop by drop 
onto a cleaned FTO glass, which was placed on the sample stage of the 
spin coater spinning at 3000 rpm. After that, the FTO coated was dried in 
air at 100 ◦C for 10 min and then calcined at 400 ◦C (ramp rate: 10 ◦C 
min− 1) for 1 h, with the resulting sample labelled as CuO TF. 
2.2. Characterization 
The samples morphology was analyzed using Scanning Electron 
Microscopy (SEM, JEOL 6490). To investigate the crystallinity and 
phase identification, X-ray diffraction (XRD) patterns were obtained 
using a Bruker D8 Advanced Diffractometer equipped with Cu Kα radi-
ation (λ=1.5418 Å) and compared with the ICDD-JCPDS powder 
diffraction file database; and Raman spectra were collected using a 
Renishaw inVia Raman Microscope with 785 nm excitation source. 
Diffuse reflectance of all the samples was measured using a Perkin Elmer 
Lambda 950 UV–vis equipped with an integrating sphere (150 mm). X- 
ray photoelectron spectrum (XPS) analysis were performed using a 
Thermo Fisher Scientific NEXSA spectrometer. The samples were ana-
lysed using a micro-focused monochromatic Al X-ray source (19.2 W) 
over an area of approximately 100 microns. Data were recorded at pass 
energies of 200 eV for survey scans and 50 eV for high resolution scan 
with 1 eV and 0.1 eV step sizes, respectively. Charge neutralisation of 
the sample was achieved using a combination of both low energy elec-
trons and argon ions. C 1s electron at 284.8 eV was used as standard 
reference to calibrate the photoelectron energy shift. All the data anal-
ysis was performed on the CasaXPS software (version: 2.3.20rev1.0). 
Fourier Transform Infrared spectroscopy (FTIR), which was performed 
on Thermo Nicolet iS50 (1000− 4000 cm− 1), was used to characterize 
the surface of the materials. Operando Diffuse Reflectance Infrared 
Fourier Transform Spectroscopy (DRIFTS) experiments were conducted 
on Agilent Cary 600 series spectrometer equipped with Harrick Praying 
Mantis reaction cell. The gas inlet of the cell was directly connected to a 
flow system equipped with mass flow controllers and a temperature 
controller. The cell outlet was connected to the mass spectrometer Hiden 
QGA MS. In each experiment, 20 mg of crushed powder was placed in 
the cell. Before reaction, the KBr background was collected in presence 
of CO2 which was flowing through bubbler. 64 scans were collected per 
spectrum with a spectral resolution of 4 cm− 1 and in the spectral range 
of 400− 4000 cm− 1. The experiment was performed under UV–vis irra-
diation at 24 and 40 ◦C and dark (24 ◦C) conditions to simulate the 
experimental conditions within the photocatalytic reactor. 
2.3. CO2 photoreduction tests 
The CO2 photocatalytic reduction tests were performed under 
UV–vis light irradiation using the experimental set-up and procedure as 
described in the authors published work [27]. Briefly, the sample was 
loaded in the middle of the photoreactor. To purge the system, three 
repetitive steps of placing the system under vacuum to -1 bar and the 
vacuum released with CO2 (99.995 %) to 1 bar were performed. The CO2 
was then released through the injection port of the gas chromatograph 
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(GC, Agilent, Model 7890B series), leaving a positive pressure of 0.2 bar, 
before the system was sealed and placed under vacuum overnight before 
each measurement. The flow rate of CO2 was set to 0.35 ml min− 1 and 
passed through the temperature controlled (±0.1 ◦C) aluminium body 
saturator for at least 16 h to allow the system to equilibrate. Relative 
humidity (±1.8 % RH) was measured using an inline Sensirion SHT75 
humidity sensor potted (MG Chemicals 832HD) into a Swagelok 1/4′′
T-piece. The temperature of the photoreactor (40 ◦C) was controlled 
using a hotplate and the surface of the coated photocatalyst measured 
using a Radley’s pyrometer (±2.0 ◦C). An OmniCure S2000 with 
300− 600 nm wavelength was used as the light source was placed 30 mm 
above the surface of the investigated sample. Irradiance (150 mWcm-2) 
at the exit of the fiber optic light guide was measured before each 
experiment using an OmniCure R2000 radiometer (±5%). An inline GC) 
with a Hayesep Q column (1.5 m), 1/16 inch OD, 1 mm OD), Molecular 
Sieve 13X (1.2 m), 1/16-inch OD, 1 mm ID), thermal conductivity de-
tector (TCD), nickel catalyzed methanizer and flame ionization detector 
(FID) was used to analyze the output of the photoreactor every four 
minutes. The GC was calibrated using 1000 ppm calibration gas (H2, CO, 
O2 and CH4) in a balance of Ar gas) that was further diluted with Ar 
(99.995 %) using mass flow controllers to 17.04, 4.62 and 1 ppm using 
the FID detector for CH4 and CO, respectively, and 69.49, 34.72 and 
17.04 ppm using the TCD detector for H2 and O2. 
The CO2 utilization rate was determined by taking the molar per-
centage of CO2 inlet: CO2 outlet as the amount of CO2 consumed. The 
cycling test (i.e., 3 runs) was performed using the optimized sample, 
which was cleaned with DI water and dried on a hotplate at 100 ◦C for 2 
h before each run. 
The quantum yield (ɸ) was measured under similar photocatalytic 
reaction conditions using the same light source (OmniCure S2000 with 
300− 600 nm wavelength). The incident flux was determined by a 
Laboratory Spectroradiometer (Apogee Instruments). The ɸ values of 
CH4 evolution for the CO2 photoreduction reaction were calculated ac-
cording to the following equation: 
ɸCH4(300− 600nm)= amountof product formed
amountof photonsadsorbedintherangeof 300− 600nm  
2.4. Simulation studies 
COMSOL Multiphysics version 5.3 was used to solve the numerical 
equations and develop a stationary numerical model for CO2 photore-
duction. The model built was validated with the experimental data ob-
tained in this study. A three-dimensional continuous flow reactor was 
simulated. The following general assumptions were made: (1) steady 
state laminar flow of incompressible Newtonian fluid with constant 
physical properties; (2) all gases were assumed as ideal gases; and (3) the 
whole reactor was assumed isothermal with temperature of 298 K, 
which means the Arrhenius expressions were ignored in the model. To 
assure the accuracy of the solutions obtained, a grid independence check 
was conducted. The computational domain of the 3D models developed 
for samples CuO MW, CuO Coat and CuO TF were mainly discretized 
with tetrahedral, prism and triangular elements. Direct solution pro-
cedure was conducted by using the Multifrontal Massively Parallel 
Solver. The abbreviations and symbols used are listed in Table S2 and a 
summary of all parameters used are presented in Table S3. 
2.4.1. Hydrodynamics and mass transfer 
The physiochemical behavior is described by using the coupled 
continuity equation, Navier-Stokers equations with Darcy’s term as 
shown in Eq. (1): 















where p denotes as pressure, ρ and u denote the density of gas and ve-
locity vector, respectively. 
In the CFD model, mass transport of gas species is calculated by 
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Here, μ is the gas viscosity, K0 is the permeability, yj and Deffj are the 
mole fraction and effective diffusivity of species j, respectively. 
Deffj is the effective diffusion coefficient for species j corrected using 
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where εm, τm is the porosity and tortuosity, respectively, whereas Dj is 
the diffusion coefficient which composed of mass-average Stefan- 










2.4.2. Photochemical reaction 
The kinetic model is shown in Eq. (5):  








where, k is the reaction rate constant, I represents the light intensity and 
α is reaction order. KH2O and KCO2 are the constants for adsorption and 
desorption of H2O and CO2, respectively. Related kinetic parameters are 
listed in supplementary Table S2. 
3. Results and discussion 
3.1. Crystal phase 
The powder samples synthesized using different approaches (i.e., 
precipitation, ultrasonication and microwave synthesis) exhibited the 
monoclinic phase of CuO (JCPDS: 45− 0937, Fig. 1a–c). The peaks at 
32.5, 35.8 and 38.6◦ corresponded to the (110), (-111) and (111) planes, 
respectively. The most intense peak at 2θ = 38.6◦ was used to estimate 
the crystallite size of the samples, which was 10− 12 nm. 
The crystal phase of CuO Coat also exhibited monoclinic phase 
(JCPDS: 45− 0937, Fig. 1d). However, the signal-to-noise of the XRD 
pattern in CuO Coat was much lower than that for CuO P, CuO US and 
CuO MW due to the low thickness of the coating on the glass fiber mesh. 
The XRD pattern of sample CuO TF (Fig. 1f) only revealed a strong 
diffraction at 2θ = 37◦, corresponding to the FTO conductive thin film 
(Fig. 1e). This was due to the overshadow of the diffraction pattern of 
the conductive thin film. Hence, Raman spectroscopy, which is much 
more sensitive towards the vibration of the crystal lattice, was employed 
[28]. Three bands centered at 287, 341, and 615 cm− 1, which were 
attributed to Ag, B1g, and, B2g modes of CuO, respectively, were observed 
in samples CuO TF (Figure S1a) [29–32]. However, these CuO peaks 
were broadened and slightly red-shifted, attributing to different sizes of 
the CuO particles (further discussed in the next section) [30]. Sample 
CuO Coat also exhibited CuO characteristic bands. Additional bands, 
including PO43- (ν1) (960 cm− 1), [33] Si-N-Si (870 cm− 1), vibration 
outside the plane C–H (760 cm− 1), deformation outside the ring C–H 
(690 cm− 1) [34], P–O–P (620 cm− 1) were identified originated from 
the glass fiber mesh substrate (Figure S1b and c). 
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3.2. Morphology 
The morphology of the fabricated samples was investigated using 
SEM. Samples CuO P, CuO US and CuO MW possessed a mixture of 
nanorods and agglomerated nanoparticles (Fig. 2a–c). The length of the 
nanorods observed in the sample CuO US (~580 nm, Fig. 2b) was longer 
than that in CuO P (~400 nm, Fig. 2a) and CuO MW (~408 nm, Fig. 2c). 
Very similar observation was also obtained on sample CuO Coat, but a 
more homogeneous nanorods coated on the surface of the glass fiber 
mesh was observed (~445 nm in length, Fig. 2d). The CuO TF fabricated 
revealed a patchy microstructure resulted the broadening and red- 
shifted of the Raman spectrum in this sample (Fig. 2f). 
3.3. Optical properties 
The optical properties of the fabricated samples were investigated 
and analyzed using UV–vis spectroscopy, as shown in Fig. 3. The band 
gap energy of was derived using the Kubelka-Munk function from diffuse 
reflectance. All the fabricated samples showed a band gap of around 
1.4–1.5 eV using the (Fig. 3). 
3.4. Surface properties 
To investigate the surface chemistry of the samples, XPS was per-
formed (Fig. 4). The XPS survey spectra of samples CuO P, CuO US, CuO 
Fig. 1. XRD patterns of a) CuO P, b) CuO US, c) CuO MW, d) CuO Coat, e) FTO, 
and f) CuO TF. 
Fig. 2. SEM of the a) CuO P, b) CuO US, c) CuO MW, d) CuO Coat, and e) CuO TF.  
Fig. 3. Kubelka-Munk spectra of a) CuO P, b) CuO US, c) CuO MW, d) CuO 
Coat, and e) CuO TF. 
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MW and CuO TF revealed no contamination from the precursors nor 
substrates, whereas CuO Coat revealed the presence of Na, which was 
originated from the glass fiber mesh (Figure S2). 
The Cu 2p spectra of all the samples were deconvoluted into two 
components. Specifically, the Cu 2p3/2 (934.5 eV for CuO P and CuO 
MW; 934.9 eV for CuO US) and Cu 2p1/2 species (954.7 eV for CuO P and 
CuO US; 954.6 eV for CuO MW; Fig. 4a–c). In addition, these compo-
nents were accompanied by their respective satellite peaks positioning 
at 961.0–963.9 eV, which are characteristic of Cu2+. Furthermore, the 
difference between the Cu 2p1/2 and Cu 2p3/2 peaks was ~20 eV, which 
evidenced the oxidation state of the fabricated samples as Cu2+ [36,37]. 
The presence of Cu+ on the surface of the fabricated materials was 
revealed in the peaks centered at 933.1 and 953.1 eV for CuO P; 933.6 
and 953.2 eV for CuO US; and 933.1, and 953.0 eV for CuO MW 
(Fig. 4a–c) [38]. Meanwhile, CuO Coat had the Cu 2p3/2 peak centered 
at 934.5 and 934.2 eV and Cu 2p1/2 peak located at 953.8 eV. Similarly, 
the difference of Cu 2p1/2 and Cu 2p3/2 in CuO Coat remained ~20 eV, 
confirming the fabricated CuO Coat sample contained Cu (II) (Fig. 4d). 
This sample also contained Cu+ as exhibited in the peak positioned at 
933.1 eV (Fig. 4d) but absent in CuO TF (Fig. 4e). CuO TF exhibited only 
the Cu 2p3/2, Cu 2p1/2 and Cu satellite peaks at 932.7, 952.4 and 962.1 
eV, respectively (Fig. 4e), confirming the presence of CuO on the thin 
films. 
The high-resolution of O 1s spectrum were deconvoluted into four 
components (Figure S3). The peak centered at 529.5–529.9, were 
attributed to the O2− in OL-CuO [39,40]. Meanwhile, the presence of 
peak centered at 531.1 (i.e., samples CuO US, and CuO Coat) and 530.2 
eV (i.e., sample CuO P and CuO MW) was attributed to VOs [41–43], 
evidencing the presence of VOs in these samples. Other peaks located at 
531.9–532.3 eV were attributed to the oxygen adsorbed on the surface 
Fig. 4. XPS spectra of Cu 2p for a) CuO P, b) CuO US, c) CuO MW, d) CuO Coat, and e) CuO TF.  
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with low coordination [44,45]. 
High resolution XPS spectra at low binding energy region were also 
collected to investigate the position of the valence band. The valence 
band of the fabricated samples was positioned at ~1.6 eV, indicating the 
CuO-based sample possessed sufficient potential to reduce CO2 to CH4 
(Scheme 1) [46]. 
3.5. Photocatalytic activity 
The fabricated CuO samples in different conformations were evalu-
ated for the photocatalytic reduction of CO2 under the light irradiation 
(300− 600 nm) and the quantity of the gaseous products produced (CO 
and CH4) were monitored (Table 1). In general, CH4 was the main 
product produced by all the fabricated CuO samples in the photo-
catalytic reduction of CO2, whereas CO was generated in very low 
quantities. 
The CH4 production of the powder samples declined in the order of 
CuO MW (2.6 μmol gcat− 1 h− 1) > CuO US (1.5 μmol gcat− 1 h− 1) > CuO P (1.0 
μmol gcat− 1 h− 1). This could be due to the homogeneity of the particles of 
the samples fabricated using the microwave-hydrothermal approach. 
The action spectra of the CO2 photoreduction for the fabricated samples 
is shown in Figure S4. 
Regarding to the photocatalytic activity of the immobilized photo-
catalysts, sample CuO TF, which contained only CuO, exhibited 100 % 
selectivity towards CH4, producing 12.7 μmol gcat− 1 h− 1 under visible light 
irradiation. Sample CuO Coat showed the highest production of CH4 
(56.3 μmol gcat− 1 h− 1), which was approximately 18 times higher than that 
of CuO MW (i.e., highest among the fabricated powdered samples). The 
superior performance of CuO Coat (ɸCH4 = 0.882) was due to the 
reduction of agglomeration and the presence of Na2O originated from 
the mesh substrate as shown in the FTIR (Fig. 5) [47,48]. The presence of 
Na2O had significantly enhance the CO2 adsorption (further discussed in 
the next paragraph). The CuO Coat, which has the highest CH4 pro-
duction was implemented for cycling test (Figure S5). The sample was 
tested for 3 runs and did not show significant reduction in CH4 
production. 
The mechanistic study of the best performing sample (i.e., CuO Coat) 
was conducted using FTIR in the presence of CO2 (Fig. 5). A series of 
bands at 1560 and 1410 cm− 1, which could be associated with C − O 
stretching and symmetry O − C − O vibrational modes, was assigned to 
monodentate species (linear coordination or carbon coordination) [49, 
50]. In addition, C − O stretching and symmetry O − C − O vibrational 
modes, which were shown at 1340 and 1020 cm− 1 corresponded to the 
bidentate carbonate [51]. Based on the results obtained, the CO2 
adsorption and conversion mechanisms in CuO Coat sample was pro-
posed and shown in Scheme 2. Briefly, the O and Cu on the surface of 
CuO Coat acts as a Lewis base site – an active site for CO2 adsorption and 
conversion. Then, electrons were transferred to the C and/or O of the 
CO2 molecules resulted in the formation of monodentate and bidentate 
configurations at the surface of CuO Coat. The hole-electron pairs, which 
were generated upon light irradiation, traveled to the surface of the 
photocatalyst and underwent the subsequent oxidation-reduction re-
actions. CO2 was reduced to CH4 and H2O was oxidized to O2 and H+. 
Scheme 1. Schematic illustration of CO2 photocatalytic reduction with H2O under using CuO under visible light irradiation.  
Table 1 
Average products obtained in 4 h from CO2 photoreduction 
using different configurations of photocatalyst.  
Sample name CH4 (μmol gcat− 1 h− 1) 
CuO P 1.0 
CuO US 1.5 
CuO MW 2.6 
CuO Coat 56.3 
CuO TF 12.7  
Fig. 5. FTIR pattern of CuO Coat upon the exposure of CO2.  
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The CuO coat was analyzed with operando DRIFTS to confirm the 
formation of carbonate species (Figure S6). The coating presented a 
strong adsorption band at 2348 cm− 1, which assigns to CO2 physi-
osorbed in the surface of the coating, when CO2 was fed into the reactor 
and put in contact with the photocatalyst at 24 ◦C in the dark. On the 
other hand, the bands at around 1620, 1420 and 1296 cm− 1 were 
assigned to the asymmetric CO3 stretching vibration [vas(CO3)], sym-
metric CO3 stretching vibration [vs(CO3)] and O–H deformation vi-
bration [δ(O-H)] of monodentate bicarbonate species (m− HCO32-), 
respectively, were observed upon CO2 interaction with the coating in the 
dark [3,52]. When the coating was irradiated with UV–vis light, the 
intensity of these bands lowered. The bands at around 1540 and 1384 
cm− 1 corresponds to the [vas(CO2)] and [vs(CO2)] of the bidendate 
formate species (b− HCO22-). [53] These results suggested that the CO2 
molecules adsorbed on the surface of CuO coat were mainly m− HCO32- 
and converted to b− HCO22- through the reaction with OH- on the surface 
or OVs CuO coating. When the reaction temperature increased to 40 ◦C 
(to emulate the reaction conditions), the bands of m− HCO32- continued 
to decrease, whereas b− HCO22- increased steadily. In other words, 
adsorption of CO2 and conversion of m− HCO32- to b− HCO22- were 
enhanced at elevated temperature, which could favor the formation of 
CH4. Therefore, operando DRIFT results suggested that the mechanism 
for the photocatalytic CO2 reduction route of CuO coat was through the 
carbene pathway [48,53]. 
3.6. Simulation study 
To gain insight in the coupled physical/chemical processes, para-
metric simulations (CO2 gas flow, humidity, and light intensity) were 
performed. The simulated photocatalytic activity values obtained from 
the constructed models using COMSOL multiphysics software matched 
well with the experimental results as shown in Fig. 6. The simulation 
revealed that the flow rate of CO2 had almost no effect on the photo-
reduction reaction rate (Fig. 6a). However, the simulated CO2 utilization 
rate dropped rapidly with increasing CO2 flow rates for values up to 5 
SCCM (Fig. 6d). Further increasing the CO2 flow rates would eventually 
lead to zero CO2 utilization rate. This phenomenon was expected due to 
the reduction of contact time between the gas (CO2) and solid (photo-
catalyst) phases at high flow rate as reported in other work [54]. 
Increasing the water content exhibited a remarkable improvement in 
the reaction rate, (Fig. 6b) and CO2 utilization rate (Fig. 6e), especially 
for sample CuO MW. Hence, the simulated results indicated that the 
water content for the CO2 photoreduction was far below the saturation 
point. Further increasing the water content will promote the photo-
catalytic reduction of CO2. 
The light intensity applied to stimulate the CO2 photoreduction re-
action strongly depended on the properties of the photocatalyst, 
including microstructure, surface area, etc. For instance, sample CuO 
Coat with rod-shape nanostructure exhibited the highest reaction rate 
and CO2 utilization rate; whereas samples CuO TF and CuO MW with 
patchy-structures and agglomeration revealed a much lower perfor-
mance (Fig. 6c and f). 
4. Conclusions 
CuO photocatalysts with different configurations (powder, thin film, 
and coatings on glass fiber mesh) were fabricated and their CO2 
photoreduction activity was investigated. Sample CuO Coat with highly 
dispersed nanorod structure coated on the glass fiber mesh showed the 
highest CH4 production from CO2 (56.3 μmol gcat− 1 h− 1), which was 
approximately 18 times higher than the powder sample synthesized 
using the similar method (CuO MW). Combining the experimental and 
Scheme 2. Schematic illustration of CO2 adsorption and conversion on the 
surface of CuO Coat sample. 
Fig. 6. Simulated patterns (lines: black- CuO TF, orange- CuO MW, blue- CuO Coat) and experimental results (purple ◆: CuO TF, orange◥: CuO TF, green▾: CuO TF) 
of the CO2 photoreduction reaction rate and CO2 utilization rate influenced by the (a and d) CO2 flow rate, (b and e) water content, (c and f) light intensity. 
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simulated results, the use of highly dispersive nanostructured photo-
catalyst operated at ~6.0 × 107 ppm and ≤2 SCCM of water content and 
CO2 flow rate, respectively, could achieve the maximum yield of CO2 
photoreduction at 40 ◦C. 
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